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EXECUTIVE  SUMMARY 

This  report  summarizes  the  ARO-  and  NSF-sponsored  "Bilateral  US/Russia  Workshop  on 
Self-Propagating  High-Temperature  Synthesis"  that  was  held  November  6-7,  1993,  in  Honolulu, 
Hawaii.  The  workshop  focused  on  the  fiindamental  as  well  as  the  applied  aspects  of  the  self- 
propagating  high-temperature  synthesis  (SHS)  process.  The  goal  of  the  discussion  of  the 
fundamentd  topics  was  to  identify— and  suggest  approaches  to  remedy— the  generally 
acknowledged  gaps  that  exist  in  our  detailed,  quantitative  understanding  of  the  essential  chemistry 
and  physics  of  the  SHS  process.  The  goal  of  the  discussion  of  the  applied  topics  was  to  focus  on 
the  rather  more  practical  aspects  of  the  SHS  process,  in  order  to  help  prioritize  our  fundamental 
studies  in  such  a  way  that  our  enhanced  understanding  leads  to  improved  SHS-based  advanced 
materials  fabrication  methods.  [The  two  topic  areas  are  of  course  interrelated:  fundamental 
studies  can  enhance  commercialization  potential,  and  technological,  market-driven  needs  can 
suggest  important  fundamental,  science-driven  studies.]  The  workshop  also  allowed  many  of  the 
world's  key,  presently  active  SHS  researchers  to  (i)  discuss  the  state-of-the-art,  and  remaining 
work,  of  SHS  research,  and  (ii)  initiate  meaningful  collaborative  research  projects  between  US  and 
Russian  scientists. 

After  suggesting  and  discussing  the  crucial  areas  of  SHS  research  that  require  significant 
attention,  the  workshop  participants  agreed  to  the  following  recommendations  in  the  following 
areas: 

•  Detailed  experimental  studies  of  the  micromechanistic  details  (i.e.,  on  the  particle  scale 

and  below)  of  the  process  are  required. 

•  Detailed  experimental  studies  on  the  key  factors  that  influence  the  intermediate  and  final 

microstructure  of  the  SHS-fabricated  material  are  required. 

•  Comprehensive  theoretical  models  are  needed  to  help  quantify  and  to  enhance  our 

understanding  of  the  SHS  process. 

•  Applications  of  the  SHS  process  to  the  fabrication  of  advanced  materials  must  be 

considered,  in  order  to  focus  on  the  key  problems  to  which  our  fundamental  studies 
might  be  directed. 

In  addition,  the  outcome  of  the  bilateral  US/Russia  workshop  was  that  we  were  able  to 
accomplish  the  following: 

•  The  state-of-the-art  needs  of  SHS  research  were  discussed  by  the  key  researchers  from  both 

countries. 

•  Potentially  supportable,  mutually  beneficial,  collaborative  SHS  research  projects  were 

identified. 

•  Concrete  plans  to  secure  financial  support  for  the  collaborative  projects  were  made. 
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INTRODUCTION 


The  fabrication  of  high-performance  materials  that  are  highly  resistant  to  environmental 
degradation  (e.g.,  exposure  to  extreme  thermal,  chemical,  mechanical  and  thermomechanical 
loads)  is  an  important  objective  of  various  commercial  and  national  security  concerns  because  of 
the  significant  impact  these  materials  will  have  in  improving  the  performance  of,  e.g.,  high- 
temperature  engine  components,  armor,  and  thermal  barriers  in  propulsion  systems.  A 
prerequisite  to  the  routine  manufacture  of  optimal  high-performance  materials  is,  of  course,  a 
fundamental  understanding  of  the  key  factors  that  influence  the  fabrication  procedure.  Only  then 
can  high-quality,  high-reliability  and  low-cost  advanced  materials  be  expected  to  become 
available. 

Several  methods  are  available  for  fabricating  oxide  and  non-oxide  ceramic—as  well  as 
intermctallic— compounds  for  these  purposes,  but  often  produce  materials  with  limited  upper-use 
temperatures  and  limited  thermal  shock  resistance.  One  of  the  more  promising  approaches  is  the 
"SHS"  method. 

Self-propagating  high-temperature  synthesis  (SHS)  is,  in  the  most  simple  sense,  Ihe 
exploitation  of  an  exothermic  and  usually  very  rapid  chemical  reaction  to  form  a  useful  material. 
A  key  feature  of  the  process  is  that  the  heat  required  to  drive  the  chemical  reaction  is  supplied 
from  the  reaction  itself,  and  not  from  an  external  and  therefore  expensive  source.  Materials  that 
have  been  successfully  synthesized  include  carbides,  borides,  nitrides,  oxides,  intermetallics  and 
rather  complex  composites.  Important  applications  include  electronic  materials,  and  wear-, 
corrosion-  and  heat-resistant  materials. 

Successful  fabrication  by  SHS  requires  a  detailed  understanding  of  the  process. 
Unfortunately,  a  complete,  quantitative  connection  between  (i)  the  type,  amount  and  distribution 
of  constituent  phases  and  pores  in  the  as-synthesized  product  material  and  (ii)  the  size,  purity  and 
size  distribution  of  starting  materials  has  not  been  established.  A  fundamental  understanding  of 
the  SHS  process  will  only  be  achieved  when  combined  experimental  and  theoretical  investigations 
of  the  factors  influencing,  and  the  sub-processes  that  occur  during,  the  SHS  process  are  made. 
The  essential  chemistry  and  physics  of  the  small-  and  large-scale  events  known  or  suggested  to 
occur  during  the  SHS  process  must  be  explicitly  accounted  for.  Studies  are  therefore  needed  that 

account  for  the  important  sub-processes  at  the  particle/pore  (10"^  m)  level  in  its  description  of  the 

process  at  the  sample  (10"^  m)  level. 

This  workshop  represented  an  important  attempt  to  develop  a  thorough,  fundamratel 
understanding  of  SHS.  This  understanding  will  require  a  macrokinetic  (that  is,  mechanistic) 
framework  that  accounts  for  the  distinguishing  features  of  the  process:  examples  include  local 
melting,  liquid  redistribution,  vapor  phase  formation,  intrinsic  chemical  reaction  kinetics,  heat 
transfer,  diffusion,  supersaturation,  and  nucleation  and  crystallization  of  the  product  phase.  The 
framework  established  in  this  way  will  lead  to  a  much  greater  control  of  the  process,  and  in  turn 
the  micro  structure  and  properties  of  the  material—particularly  functional  ceramic  and  ceramic- 
containing  material— produced  by  the  SHS  process.  Success  in  such  an  effort  is  likely  only  if  a 
pooling  of  experience,  knowledge  and  resources  is  made  possible  through  a  well-orchestrated 
Russia/US  collaborative  effort  (the  mechanism  for  which  was  established  at  this  bilateral 
workshop). 

The  workshop  was  divided  into  two  portions:  fundamental  and  applied  SHS  research. 
Tliis  was  done  since  it  was  recognized  that  (i)  the  two  areas  are,  in  practice,  rather  difficult  to 
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separate  {excep  arirFitTie^to^  “f^SHS  were  discus^d. 

K'rore&alU'experirne.iml  smdies  were 

ftrtdarrtenud  urtdersmndmg  of  the  process, 

rart^rrntri"clri^^^^^ 

the  SHS  efforts  in  both  countries. 


fundamental  aspects  of  SHS 


A  basic  understanding  and  quantitative 

order  for  SHS  to  join  the  ranks  of  p  understanding.  One  day  of 

theoretical  and  experimental  appro^  ^  ^  pntal  asoects  of  the  SHS  process,  such  that  two  1/2- 

Thermodynamic  studies  have  given  equ  P  -  ,  .  g^^.pI•ocesses  that  are  known 

Kinetic  sLies  have  begun  to  focus  on  one  or  rnore  of  *e  unpo^_^^^^^ 

to  occur.  Theoretical  modelling  studira  to  computationally  expedient) 

dimensional  propagation  and  always  process  is  in  fact  a  complex  process  that 

s:sir::  t^  a“^ i  "^e  is 

^dl^^-aer  to  extend  the  present  state  of 
knowledge  concerning  the  theoretical  aspects  of  the  SHS  process. 

.  Fxtend  the  theoretical  calculations  using  2-  and  3.dimensional  models. 

:  ttl^mmT^ater  degree  of  microstmcmr^  demil  into  the  models. 

Higher-dimensional  models  are  5jjs*^ries°Mn?finite  dimension  (i.e., 

understanding  of  the  P™°“':n^^f^p‘f;tructural  features  often  result  in  the  formation  of 
they  possess  edges  and  comers).  These  gros  OTooagation.  The  source  of  these 

iriiomogeneous  products  and/or  unstable  combu^ 

difBculties  is  likely  the  spatial  fte  process;  simply  put,  the  sample 

deformation  phenomena  that  mse  m  ®  P  ®  pp  three-dimensional  models 

"bums”  differently  along  the  edges  than  it  dws  in  the  center  iwo  ^ 

deal  properly  with  these  edge  effecB,  and  ^  adattonal  computing  resources  would 

:;“cS:ruSfiSSeS^^ 

s,„  ...»  -  -  — • 
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of  the  simplifying  assumptions  that  are  made  in  the  construction  of  a  model,  it  is  quite  clear  to 
existing  SHS  practitioners  that  past  theoretical  efforts  have  been  severely  hampered  by  (often 
unnecessary)  oversimplifications.  This  is  nowhere  more  true  than  in  the  specification  of 
microstructural  features  of  reactants,  intermediates  and  product,  but  also  in  the  details  of  the  local, 
particle-scale  chemical  interactions  that  drive  the  process,  and  the  nucleation  and  growth  of 
product  phases.  In  particular,  the  local  physical  and  chemical  events-both  in  the  combustion 
front  itself  and  in  the  zone  immediately  behind  the  combustion  front— are  rarely  described  in 
sufficient  and  quantitative  detail  in  models  of  the  overall  SHS  process.  It  is  only  when  these 
microstructural  details  are  expressed  clearly,  precisely  and  with  sufficiently  realistic  and 
quantitative  detail  that  a  complete  theoretical  model  will  be  developed.  [Of  course,  the 
macroscopic  details  that  are  common  in  the  earlier  models,  such  as  mass  transfer  and  heat  transfer, 
would  be  included.] 

A  list  of  specific  topics,  concerning  the  fundamental  theoretical  aspects  of  the  SHS 
process,  that  was  generated  during  the  workshop  is  given  in  Appendix  1 . 

Fundamental  Experimental  Studies 

Fundamental  experimental  studies  of  the  SHS  process  comprise  perhaps  the  greater 
fraction  of  effort  that  has  in  the  past  been  devoted  to  developing  a  fundamental  understanding  of 
the  SHS  process.  Many  good,  empirical  studies  have  been  conducted,  especially  those  that  focus 
on  certain  gross,  easily  measured  features  of  the  sample  and  its  behavior  during  the  SHS  process. 
They  have  focused  on  the  effect  of  such  things  as  particle  size,  green  density,  gas  pressure,  etc., 
on  the  temperature,  wave  velocity,  final  distribution  of  product  phases,  and  so  on.  From  this, 
some  inferences  could  be  made  about  the  basic  mechanisms  that  lead  to  self-propagating  behavior. 
Unfortunately,  less  attention  has  been  given  to  more  direct-particularly  in  j:/rM-elucidation  of  the 
fundamental  mechanisms  that  drive  the  SHS  process.  As  a  result,  the  participants  recommended 
that  the  following  studies  be  conducted,  in  order  to  extend  the  present  state  of  knowledge 
concerning  the  experimental  aspects  of  the  SHS  process: 

•  Conduct  in  situ  experiments  that  focus  on  the  real-time  details  of  intermediate  and 

product  phase  formation. 

•  Conduct  definitive  studies  of  the  factors  that  influence  the  structure  of  the  condensed 

phases  and  pores  in  the  sample. 

•  Determine  the  influence  of  external  fields  on  the  behavior  of  the  combustion  wave 

and  the  products  that  result. 

•  Develop  a  quantitative  understanding  of  the  effects  of  an  applied  mechanical  load  on 

the  SHS  process  (particularly  with  respect  to  enhanced  densification). 

The  formation  of  intermediate  and  product  phases  is  presently  not  well  xmderstood.  The 
high  temperatures  that  are  characteristic  of  the  SHS  process,  along  with  the  speed  with  which  the 
process  occurs,  have  made  it  quite  difficult  to  detect  the  disappearance  of  reactant  materials,  the 
appearance  and  disappearance  of  intermediates  phases,  and  the  appearance  of  product  phases  in  a 
clear  and  direct  manner.  Approaches  that  were  suggested  at  the  workshop  include  real-time  x-ray 
diffraction  (using  a  high-energy  syncrotron  source  or  a  high-intensity  x-ray  tube)  and  video¬ 
recording  (using  an  optical  microscope)  to  observe  and  record  the  behavior  of  an  SHS  sample 
during  the  process.  Detailed,  in  situ  observation  should  provide  great  insight  into  the  dynamics  of 
phase  formation  diiring  the  SHS  process. 
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The  factors  that  influence  the  structure  of  the  condensed  phases  and  pores  in  the  sample 
must  be  known  with  greater  certainty  than  at  present.  More  specifically,  it  is  important  to 
understand  in  greater  detail  the  (separate  and  combined)  effects  of  fluid  flow,  heat  transfer 
(radiative,  conductive  and  convective),  and  mass  transfer  on  the  evolution  of  the  samples 
microstructure  during  the  SHS  process.  This  is  particularly  true  in  the  case  of  microengineered 
composite  materials  and  in  objects  where  strict  control  of  porosity  is  essential. 

The  influence  of  external  fields  on  the  progress  and  outcome  of  an  SHS  progress  is  in 
many  cases  profound.  Complete  knowledge  of  the  mechamsm  by  which  this  occurs  is  not, 
however,  available.  For  example,  conducting  the  SHS  process  in  a  centrifugal  field  may  promote 
full  densification  of  a  sample  (that  would  otherwise  be  highly  porous  if  the  process  were 
conducted  in  the  absence  of  a  centrifugal  field).  Alternatively,  microgravity  conditions  have  been 
suggested  as  an  interesting  modification  of  this  approach,  although  it  is  not  yet  clear  what  the 
expected  benefits  might  be.  In  addition,  the  SHS  process  may  also  be  modified  by  application  of 
electromagnetic  energy,  in  the  form  of  a  radio  frequency  field  or  microwave  energy,  in  order  to 
heat  the  sample  to  the  point  of  ignition  or  to  sustain  an  otherwise  weakly  self-propagating 
reaction.  It  is  likely  that  each  of  these  modifications  alters  the  various  momentum,  energy,  mass 
and  electromagnetic  transport  phenomena  that  occur  during  the  SHS  process.  A  complete 
understanding  of  the  process  requires  that  the  influence  of  these  modifications  be  accounted  for 
explicitly  and  understood  thoroughly. 

Further,  a  mechanical  load  may  be  applied  to  the  reacting  sample,  in  order  to  produce  a 
dense  material.  The  applied  load  may  influence  the  SHS  process  in  at  least  two  ways.  First,  at  a 
relatively  low  pressure  and  low  strain-rate,  the  timely  application  of  a  mechamcal  load  may 
exploit  the  brief  appearance  of  a  liquid  phase  and/or  high-temperature  ductility  that  exist  in  (or 
near)  the  zone  of  the  combustion  front  to  densify  the  sample  in  that  zone.  [The  zone  is  much 
more  easily  compressed  when  some  or  all  of  the  zone  is  liquefied  at  the  elevated  process 
temperatures.]  Second,  at  a  relatively  high  pressure  and  high  strain-rate,  the  load  may  actually 
initiate  the  self-propagatiug  reaction.  [A  solid-to-liquid  phase  transition  may  occur  under  high- 
strain-rate  loading  conditions,  as  a  result  of  the  temperature  increase  that  is  associated  with  shock 
compression  under  essentially  adiabatic  conditions,  which  in  turn  promotes  greater  contact 
between  reactant  phases—thus  initiating  the  SHS  process.]  Again,  it  is  likely  that  each  of  these 
modifications  alters  the  various  momentum,  energy  and  mass  transport  phenomena  that  occur 
during  the  SHS  process.  These  influences  must  be  studied  in  order  to  develop  an  understandinp- 
and  thus  an  enhanced  degree  of  control— of  the  SHS  process.  In  particular,  constitutive 
relationships  must  be  developed  to  link  the  sample’s  response  to  a  given  loading  condition. 

A  list  of  specific  topics,  concerning  the  fundamental  experimental  aspects  of  the  SHS 
process,  that  was  generated  during  the  workshop  is  given  in  Appendix  2. 


APPLIED  ASPECTS  OF  SHS 

The  development  of  advanced  materials  currently  receives  a  great  deal  of  attention  because 
of  the  significant  improvements  in  performance  that  they  promise— particularly  with  respect  to  the 
fabrication  of  high-performance  materials  that  are  highly  resistant  to  environmental  degradation 
(e.g.,  exposure  to  extreme  thermal,  chemical,  mechamcal  and  thermomechamcal  loads).  The  SHS 
process  is  well  suited  to  produce  many  of  the  materials  that  are  required  in  the  ongoing  materials 
revolution.  Not  all  suggested  applications  have  yet  been  realized,  however,  since  not  all  aspects 
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of  their  fabrication  have  been  well  understood  (much  less  controlled).  As  a  result,  analysis  of  the 
needs  of  the  applications  for  these  advanced  materials  is  of  central  importance  to  the  SHS 
materials  scientist.  In  fact,  it  is  usually  impossible  to  separate  the  more  basic  SHS  research  effort 
from  its  applications-driven  counterpart—since  the  two  efforts  are  distinctly  synergistic  and  often 
lead  to  a  beneficial  cross-fertilization.  The  second  day  of  the  workshop  was  therefore  devoted  to 
applications,  in  order  that  some  so-called  "real”  problems  might  be  identified  for  future 
fundamental  study.  Two  sessions  were  held:  one  that  focused  on  ceramic  materials  and  ceramic- 
matrix  composites,  and  a  second  that  dealt  with  intermetallic  materials  and  intermetallic-matrix 
composites-two  classes  of  materials  that  are  of  significant  interest  in  both  the  near-  and  long¬ 
term. 

Ceramics  and  Ceramic-Matrix  Composites 

The  SHS  process  has  been  used  to  produce  a  wide  variety  of  ceramic  materials.  Materials 
that  have  been  successfully  synthesized  include  carbides,  borides,  nitrides,  oxides,  and  even 
phosphides  and  sulfides  (i.e.,  MxC,  MxB,  MxN,  MxO,  MxP,  and  MxS,  where  M  is  typically  a 
transition  metal),  in  the  form  of  powders,  monoliths,  coatings  and  composites.  The  work  to  date 
is  largely  empirical,  however,  which  may  limit  the  commercialization  potential  of  many 
manufacturing  schemes  that  might  be  implemented.  As  a  result,  the  workshop  participants 
suggested  two  focus  areas  in  which  more  fundamental  (as  well  as  related  applied)  research  is 
sorely  needed: 

•  Extend  the  SHS  process  to  produce  ceramic  materials  with  submicron-  and 

nanometer-scale  features  (that  is,  lO-^  ->  10-9-m  microstructural  features). 

•  Establish  a  quantitative  protocol  for  producing  controlled-porosity  ceramic 

materials. 

The  fabrication  of  ceramic  materials  with  nanoscale  features  by  the  SHS  process  can  of 
course  begin  by  applying  existing,  empirically  derived  knowledge  to  the  task.  It  is  likely, 
however,  that  additional  information  will  be  required,  since  the  combined  presence  of  a  liquid 
phase  and  the  characteristically  high  reaction  temperatures  will  make  it  difficult  to  retain  an 
ultrafme  microstructure  in  the  product  material.  [Both  are  likely  to  lead  to  coarsening  of  any 
nanoscale  features  of  starting  materials  and  intermediate  phases  that  might  be  present  for  a  time 
before  the  process  has  been  completed.]  This  will  obviously  require  that  the  SHS  process  be 
controlled  to  a  much  greater  degree  than  is  possible  at  present.  Much  of  the  "new  knowledge 
that  is  required  here  will  undoubtedly  come  from  the  combined  fundamental  experimental  and 
theoretical  studies  that  were  described,  above. 

The  fabrication  of  ceramics  with  controlled  porosity  may,  on  the  other  hand,  be  somewhat 
more  straightforward,  since  the  typical  product  of  an  SHS  process  is  a  porous  object  (of  the  target 
ceramic  material)  in  which  the  ceramic  grains  are  partially  sintered.  In  the  absence  of  an  applied 
mechanical  load,  the  outcome  of  an  SHS  process  is  usually  a  sample  that  contains  (with  respect  to 
a  conventional  materials  development  effort)  an  unacceptably  high  degree  of  porosity.  If  one 
relaxes  this  requirement  of  high  density,  a  number  of  useful  applications  manifest  themselves: 
porous  materials  become  the  desired  product,  rather  than  a  “failure.”  For  many  applications  to  be 
realized,  however,  specific  control  of  the  SHS  process  will  be  needed,  in  order  to  prepare  shaped 
materials  that  have  the  porosity,  a  pore  size  distribution,  and  pores  with  sufficiently  high  degree  of 
connectivity  that  are  required  to  meet  the  performance  requirements  of  the  specific  application. 
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Again,  this  will  obviously  require  that  the  SHS  process  be  controlled  to  a  much  greater  degree 
than  is  possible  at  present-thus  suggesting  a  variety  of  fundamental  studies  that  must  be 
conducted. 

A  list  of  specific  topics,  concerning  the  applications  of  the  SHS  process  to  the  fabrication 
of  ceramics  and  ceramic-matrix  composites,  that  was  generated  during  the  workshop  is  given  in 
Appendix  3. 

Intermetallics  and  Intermetallic-Matrix  Composites 

As  with  ceramic-based  materials,  the  SHS  process  has  been  used  to  prepare  a  number  of 
monolithic  and  composite  intermetallic  materials.  Particularly  significant  are  the  aluminides, 
silicides,  and  nickelides  (e.g.,  NiAl,  Ni3Al,  TLAl,  Ti3Al,  MoSi2,  Ti5Si3,  and  NiTi),  which  hold 
promise  for  a  number  of  applications  which  require  a  high-temperature  material  that  has  low 
density,  and  good  high-temperature  stability,  and  wear-  and  oxidation-resistance.  It  is  known 
fi-om  the  literature,  however,  that  modifications  of  certain  intermetallic  materials  are  required  to 
enhance  the  room-temperature  ductility  (i.e.,  brittleness)  and  elevated-temperature  creep 
resistance.  As  with  the  non-SHS  approaches  to  overcoming  these  difficulties,  the  workshop 
participants  suggested  that  these  two  focus  areas  which  are  of  the  utmost  importance  require  more 
fundamental  (as  well  as  related  applied)  research: 

•  Develop  a  method  to  produce  dense,  reinforced  intermetallic-matrix  composites. 

•  Demonstrate  the  effectiveness  of  using  the  SHS  process  to  synthesize  alloyed 

intermetallic  compounds. 

The  reinforcement  of  intermetallic  materials  with  inclusions  (by  non-SHS-based 
procedures)  has  in  some  cases  resulted  in  dramatic  improvements  in  the  strength  and  creep 
resistance  in  the  host  intermetallic  material.  In  this  regard,  reinforcements  in  the  form  of  particles, 
whiskers,  platelets,  chopped  fibers,  and  continuous  fibers  have  been  added-with  the  use  of 
continuous  fibers  having  the  most  significant  positive  effect.  It  is  thus  necessary  for  studies  to  be 
conducted  that  ensure  (i)  that  the  intermetallic  matrix  phase  is  synthesized  by  the  SHS  process, 
and  (ii)  that  the  intermetallic  matrix  phase  is  caused  to  infiltrate  a  continuous-fiber  preform  (and 
achieve  full  density  in  the  process).  Care  must  be  taken  that  no  deleterious  interphase  reactions  or 
interactions  occur.  The  somewhat  more  complex  nature  of  the  sample's  microstructure—before, 
during  and  after  the  process— requires  that  new,  fundamental  knowledge  be  acquired.  Only  in  this 
way  can  the  commercialization  potential  of  the  SHS  process  for  producing  intermetallic-matrix 
composites  be  realized. 

Addition  (using  conventional  fabrication  techniques)  of  alloying  elements  to  intermetallic 
compounds  has  also  led  to  significant  improvements  in  certain  key  properties.  For  example,  the 
addition  of  0.1  wt%  boron  to  Ni3Al  significantly  increases  the  room-temperature  ductility  of 
Ni3Al,  and  also  enhances  its  oxidation  resistance.  Numerous  other  examples  of  such 
improvements  in  key  material  properties  have  been  reported  in  the  literature.  This  topic  is  thus 
one  that  merits  significant  attention  from  SHS  research  scientists.  In  particular,  it  is  not  always 
the  case  that  "impurities"  are  incorporated  into  the  compound  that  is  synthesized  by  the  SHS 
process:  volatilization  may  occur  at  elevated  SHS  temperatures  (and  the  alloying  element  would 
thus  lost  from  the  sample),  or  incomplete  reaction  may  occur  on  the  SHS  time-scale  (and  the 
alloying  element  would  thus  remain  as  a  discrete  second  phase).  This  is  also  a  somewhat  more 
complicated  sort  of  system,  and  will  require  consideration  of  rather  fundamental  details,  in  order 
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for  the  SHS  process  can  displace  competing  technologies  for  the  fabrication  of  alloyed 
intermetallic  compounds. 

A  list  of  specific  topics,  concermng  the  applications  of  the  SHS  process  to  the  fabrication 
of  intermetallics  and  intermetallic-matrix  composites,  that  was  generated  during  the  workshop  is 
given  in  Appendix  4. 


CONCLUDING  REMARKS 

The  bilateral  US/Russia  workshop  on  SHS  was  considered  a  success  by  the  workshop 
participants— according  to  several  measures.  First,  key  Russian  and  US  researchers,  who  have  had 
limited  personal  interaction  in  the  past,  were  able  to  meet  those  with  similar  interests.  Numerous 
working  relationships  were  initiated  between  those  with  overlapping  interests  and  complementary 
skills  and  expertise.  The  workshop  was  an  efficient  means  by  which  longer-term  collaborative 
research  efforts  could  begin.  Second,  many  topics  for  collaborative  research  projects  were 
suggested  and  shaped  by  the  scientists  who  would  also  be  conducting  the  research.  Since  it  was 
recognized  that  some  of  the  topics  were  more  likely  to  receive  support  than  others,  an  effort  was 
made  to  prioritize  the  list  of  suggested  topics  according  to  this  criterion  (tempered  of  course  by 
the  wants  and  needs  of  the  individual  scientists  themselves).  Third,  some  discussion  was  devoted 
to  matching  the  scientists  and  their  topic(s)  to  the  appropriate  governmental  or  private  funding 
agency  that  might  support  the  topic(s).  These  three  focal  points  were  each  properly  addressed 
during  the  workshop-thus  laying  a  solid  foundation  on  which  a  significant,  longer-term  rese'arch 
collaboration  between  the  US  and  Russian  SHS  communities  can  be  built. 

With  this  done,  the  next  obvious  step  is  for  individual  scientists  in  both  countries  to 
prepare  joint  research  grant  proposals  to  submit  to  the  appropriate  agencies.  Some  concrete  steps 
were  taken  while  the  scientists  were  together  in  Honolulu.  Others  have  been  taken  (principally  by 
electronic  mail)  following  the  conclusion  of  the  workshop.  At  this  point,  it  is  up  to  the  individual 
scientists  who  were  "matched"  at  the  workshop  to  secure  financial  support  for  their  proposed, 
small  (i.e.,  two-  or  three-investigator)  projects  in  the  normal,  peer-review  process. 
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WORKSHOP  SCHEDULE 


Saturday.  November  6. 1993 

Session  I:  Workshop  Introduction  and  Theoretical  Aspects  of  SHS 


9:30  A.M. 

Welcome  and  Introductions 

Stangle,  Spriggs  and  Merzhanov 

9:45  A.M. 

Workshop  Outline 

Stangle 

10:00  A.M. 

How  U.S. /Russia  Collaborative  Research 

Stangle  for  Dr.  Milton  Linevski 

Is  Supported 

10:15  A.M. 

Presentations 

Stangle,  Zhirkov  and  Panelists 

11:30  A.M. 

Session  I  Discussion 

Stangle,  Zhirkov  and  Participants 

12:30  P.M. 

Develop  Consensus  of  Theoretical  Aspects 

Stangle,  Zhirkov  and  Participants 

1:30  P.M. 

Lunch 

Participants 

Session  H: 

Experimental  Aspects  of  SHS 

2:30  P.M. 

Presentations 

Munir,  Rogachev  and  Panelists 

3:50  P.M. 

Session  II  Discussion 

Munir,  Rogachev  and  Participants 

5:00  P.M. 

Develop  Consensus  of  Experimental 

Munir,  Rogachev  and  Participants 

Aspects 

Sunday.  November  7. 1993 

Session  III:  Advanced  Materials  -  Including  Applications  (Ceramics  and  CMCs) 

8:30  A.M. 

Presentations 

Spriggs,  Borovinskaya  and  Panelists 

10:15  A.M. 

Session  III  Discussion 

Spriggs,  Borovinskaya  and  Participants 

11:00  A.M. 

Develop  Consensus  of  Advanced  Materials 

Spriggs,  Borovinskaya  and  Participants 

12:00  P.M. 

Lunch 

Participants 

Session  IV: 

Advanced  Materials  including  Applications  (Intermetallics  and  IMCs) 

2:00  P.M. 

Presentations 

Moore,  Yukhvid  and  Panelists 

2:45  P.M. 

Session  IV  Discussion 

Moore,  Yukhvid  and  Participants 

Session  V:  < 

Consensus  of  Workshop 

4:00  P.M. 

Summary  remarks 

Stangle,  Spriggs  and  Mer2hanov 

4:30  P.M. 

Preliminary  report  preparation 

Session  Chairs 
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WORKSHOP  ORGANIZERS 


G.C.  Stangle 

NYS  College  of  Ceramics 
McMahon  Building 
2  Pine  St. 

Alfred,  NY  14802 
Ph:  607/871-2798 
Fax:  607/871-3469 

email:  FSTANGLE@bigvax.alfred.edu 

R.M.  Spriggs 
NYS  College  of  Ceramics 
CACT  Center 
2  Pine  St. 

Alfred,  NY  14802 

Ph:  607/871-2486 

Fax:  607/871-3469 

email:  SPRIGGS@bigvax.alfred 


A.G.  Merzhanov 

Institute  of  Structural  Macrokinetics 
(ISMAN) 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 


P.V.  Zhirkov 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 


WORKSHOP  PARTICIPANT.S 


A.P.  Amosov 

STU,  Ihl  Galactionovskaya  str.. 

Samara,  443110 

Russia 

V.V.  Barzykin 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 

I.P.  Borovinskaya 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 


P.B.  Avakyan 

YSPC  “SVS”,  Teryana  Str.,  105, 
Yerevan  375009, 

Armenia 

S.B.  Bhaduri 

University  of  Idaho 

Dept.  Of  Metallurgical  Engrg. 

Moscow,  ID  83843 

email:  bhaduri@uidaho.edu 


V.N.  Chernyshev 
“Intermet  Ingineering” 
Leninsky  Prospect,  4 
Moscow,  117936 
Russia 
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S.  D.  Dunmead 

Dow  Chemical  Co. 

1776  Building,  Ceramics 

Midland,  MI  48674 

Yu.  A.  Gordopolov 

ISMAN 

Russian  Academy  of  Sciences 

Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

V.V.  Grachev 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

Yu.  M.  Grigoriev 

ISMAN 

Russian  Academy  of  Sciences 

Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

J.A.  Hawk 

U.S.  Bureau  of  Mines 

Materials  Division 

Albany  Research  Center 

1450  Queen  Ave. 

Albany,  OR  97321 

D.E.  Kashireninov 

ISMAN 

Russian  Academy  of  Sciences 

Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

S.L.  Kharatyan 

ICPA,  P.  Sevak  Str.,  5/2 

Yerevan  375009, 

Armenia 

N.I.  Kidin 

IPM,  101,  Prospect  Vemadskogo 

117526,  Moscow  Russia 
email:  kidin@ipm.msk.su 

M.  Linevsky 

National  Science  Foundation 

Thermal  Systems  Division 

1776  G  Street  NW 

Washington,  DC  20550 

Yu.  M.  Maksimov 

TB  ISMAN 

Lenin  Sq.  8,  GSP-18 

634050,  Tomsk,  Russia 
email:  maks@fisman.tomsk.su 

B.J.  Matkowsky 

John  Evans  Chair  in  App.  Math 
Northwestern  University 

Evanston,  IL  60208-3125 
email:  mat@mat.esam.nwu.edu 

M.A.  Meyers 

The  Department  of  Applied  Mechanics  &  Eng, 
University  of  California  @  San  Diego 
LaJolla,CA  92093-0411 

J.J.  Moore 

Colorado  School  of  Mines 

Dept,  of  Met.  &  Mat’ls.  Eng. 

Colorado  School  of  Mines 

Golden,  CO  80401 

A.S.  Mukasyan 

ISMAN 

Russian  Academy  of  Sciences 

Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

12 


Z.A.  Munir 

University  of  California  at  Davis 

Dept.  Of  Mat’ls.  Sci.  &  Engrg. 

Davis,  CA  95616-5294 

M.D.  Nersesyan 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

A.  Niiler 

U.S.  Army  Research  Lab 

ATTN:  AMSRL-WT-WD 

Aberdeen  Proving  Ground,  MD  21005 

B.V.  Novozhilov 

ICP,  4,  Kosygina  Str. 

Moscow,  117971 

Russia 

E.Ye.  Osipov 

Intermet  Ingineering 

1 17936,  Leninsky  Prospect  4 

Moscow,  Russia 

A.N.  Pitulin 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

V.I.  Ponomarev 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

A.S.  Rogachev 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

Ye.  N.  Rumanov 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

Yu.  B.  Scheck 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

S.  Yu.  Sharivker 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 

A.S.  Shteinberg 

ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 

Russia 

email:  root@ism.shema.msk.su 
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K.L.  Smirnov 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 

V.I.  Yukhvid 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 


A.S.  Sytchev 
ISMAN 

Russian  Academy  of  Sciences 
Chemogolovka,  142432 
Russia 

email:  root@ism.shema.msk.su 
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Appendix  1:  Specific  Topics  -  Fundamental  Aspects  (Theoretical) 

1.  Chemical  mechanism 

2.  SHS  in  reactive  gas 

3.  Particle-scale  chemistry 

4.  Powder  characteristics 

5.  Microstructure  (including  polymorphic  transformation) 

6.  SHS-densification/shape-forming/melting 

7.  Melting/spreading 

8.  Deformation 

9.  Heat  Loss 

10.  Multilayers 

1 1 .  Irregular  combusion  waves 

12.  External  fields 

13.  Macrostructure 

14.  Electro/thermal  explosion 

15.  Residual  stresses 

16.  Combustion  -  engineering  materials 
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Appendix  2:  Specific  Topics  -  Fundamental  Aspects  (Experimental) 


1 .  Time-resolved  methods  for  studying  SHS  “in  situ" 

2.  Microstructural  control  -  micro  &  macrostructure  control  -  mechanism:  how  does  product 

form? 

3.  Particle-foil  &  multi-layer  model  experimental  combustion  of  “layered  systems” 

4.  Methods  for  micro-structure  and  crystal  structure  control 

5.  Control  of  macro-and  microparameters,  &  their  connection 

6.  Porosity/densification  consideration 

7.  Role  of  electromagnetic  field 

8.  Electrothermal  explosion 

9.  Role  of  reactive  &  non-reactive  gases  in  SHS 

10.  Gravitational  effects 

1 1 .  Role  of  impurities 

12.  SHS  -  diagrams 

13.  Thin  films/coatings 

14.  Single  crystals 

15.  Gas-phase  SHS  in  rocket  engine 

16.  Foamed  ceramics 

17.  Electrothermography 

18.  Forging  of  SHS  products 

19.  Thermal  shock-induced  cracking 

20.  Microstructural  evolution  during  and  after  densification 
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Appendix  3:  Specific  Topics  -  Applied  Aspects  (Ceramics,  CMCs) 


Oriented  Basic  Research 

1 .  Complex  oxides  (ferro,  HTSC,  ferrites) 

2.  Chemistry  (+  phases)  vs.  synthesis  (w/organics) 

3.  SHS-derived  ceramics  -  (Long  List);  Bfi  j  C,  AIN;  granulometries 

4.  Hi-speed  densification  (with  near  net  shape,  scale-up,  etc.) 

5.  Centrifugal-SHS 

6.  Need  for  toughening  -  alloying,  fibers,  whiskers 

7.  One-step  porcelain  production 

8.  Parts  - 1  step  SHS;  No  grinding/comminution  processes 

9.  Anisotropy  of  properties 

10.  -Structural  “statics”  of  SHS  ceramics 

11.  Control  of  phase  structure,  aerodynamics,  compaction/consolidation,  mechanisms,  separation 
of  phases,  (i.e.,  intermetallic  +  oxide,  solid  from  liquid  state) 

12.  Combustion  mechanisms 

13.  Sintering  and  “After  Sintering” 

14.  Si3N4  -  ISMAN 

15.  TiBj  +  Zr02  (tet) 

16.  Nanoparticle  synthesis  -  flash  pyrolysis,  etc. 

17.  Joining 

18.  Functionally  Gradient  Materials 

19.  Thin  Films 

20.  Membranes 

21.  SHS-extrusion 

22.  Coatings  by  SHS 

23.  Shape-memory  materials 

24.  Superconductors 

25.  Gas  absorbers 

26.  Electrodes 

27.  Biomedical  materials 

28.  Wrought  products 

29.  Single  crystals  by  SHS 
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Appendix  4:  Specific  Topics  -  Applied  Aspects  (Intermetallic,  IMCs) 


1.  NiAl,  FeAl,  TiAl 

2.  Complex  systems  ceramics  +  metals  (new  matls),  e.g.,  Ti-B,  Ti-B-Fe,  Ti-B-Ni 

3.  Silicides 

4.  Dispersed  strengthening  (composites) 

5.  Need  for  continuous  fiber  reinforcement  -  toughness  +  creep  resistance. 

6.  Continuous  fibers/wires 

7.  Simultaneous  combustion  +  hot  pressing:  continuous  ceramic  fibers  +  NiAl 

8.  Layered  intermetallic  composities  (laminated  composites) 

9.  Diamond  synthesis 

10.  Controlled  porosity  (by  vacuum  SHS  rolling) 

1 1 .  Intentionally  porous  system  -  implants  for  bone  replacement 

12.  Relationships  to  phase  diagrams  of  components 

13.  Intermetallics  with  improved  heat-,  wear-,  corrosion-resistance 

14.  Structural  composites 

15.  Catalysts 


18 


